L
iving fossils" are what their name implies. They are fossils in the sense that they have retained some of the fundamental, but now uncommon, traits of relatives long extinct, and they are living because they became specialized in ways that enabled them to outlast their ancestors. This duality of character, exemplified by living fossils generally, is patently manifest in that most familiar of relict fish, the lamprey. Lampreys are members of the Agnatha, relatively unchanged descendants of the first vertebrates to make their appearance in the fossil record. Once a flourishing group, these ancestral vertebrates were jawless, bottom-dwelling mud-grubbers that eventually lost out in competition with their own descendants, the free-swimming, jaw-bearing fish (Romer 1959) .
The lampreys survived because, quite literally, they latched on to the winners. They remained jawless and, in other respects, similar to their ancestral relatives, but they departed from the norm in that they became ectoparasitic on the very fish that doomed their ancestors. Hence their endurance (Romer 1959) . They derived two benefits from the ectoparasitic existence: ready access to nutrients and-by virtue of attachment to an agile host-improved defensive status (at least for as long as the host remained vigorous).
The principle at play in the survival of lampreys could account for the evolutionary success of other living fossils as well. Living fossils endured because they took a divergent evolutionary path. They remained unchanged in fundamental respects that bind them unmistakably to their defunct progenitors, but they survived because they became different in special ways. What it is precisely that gives a living fossil its adaptive edge is not always self-evident or even readily demonstrable. However, as has been shown so often, the very attempt to find an explanation for the evolutionary endurance of exceptional species can in itself be a revelatory exercise.
The concept of living fossils has been subject to criticism in recent years and has even been questioned as to its validity and usefulness (Eldredge and Stanley 1984) . I find the concept to have both explanatory and predictive potential and to be worth retaining. In this article, I make use of it in two contexts. First, to demonstrate how it can provide a basis for biological explanation, I apply the concept to a particular species, a butterfly whose living-fossil status is generally acknowledged but whose long-term survivorship has not been explained. Second, I extrapolate from the reasoning put forth in connection with this butterfly to venture the generalization that long-range survival of relict species or species groups may be attributable, perhaps more often than not, to the possession of special means of defense, which may be predominantly chemical. I advance this generalization with caution, in hopes that it may stimulate useful discussion and in the belief that it has a significant implication. Species of exceptional Forum evolutionary endurance, one might predict, may be chemically anomalous and as a result worth screening for the presence of natural products of potential use.
Baronia brevicornis
Baronia brevicornis (hereafter called Baronia) may be the most primitive of living butterflies. Assigned to the swallowtail family, the Papilionidae (Ackery 1984 , Tyler et al. 1994 , which is itself probably the oldest family within the butterflies (Papilionoidea; Kristensen 1976) , Baronia features a number of morphological characteristics that set it apart from other swallowtails (Ehrlich 1958) . In fact, if it were not for the discovery that Baronia larvae have the typical eversible defensive glands of larval papilionids (the so-called osmeterial glands) (Vázquez and Pérez 1962, Eisner et al. 1970) , the family status of Baronia might still be at issue. At any rate, there is no argument about the unique status of Baronia, which given its apparent ancient origin qualifies as a living fossil (Collins and Morris 1985) .
To my knowledge, no explanation has been provided for why Baronia has been able to survive to this day. What is it about this product of early lepidopteran evolution that prevented it from becoming extinct ? Like many living fossils, Baronia has a restricted distribution. It is endemic to Mexico, where it occurs in canyons at moderate altitudes (500-1300 meters [m] ), in rigid association with stands of its only food plant, Acacia cochliacantha, in the states of Jalisco, Michoacán, Colima, Guerrero, Morelos, Puebla, Oaxaca, and Chiapas (Pérez Ruiz 1977) . Its origins are presumed to go back to the Tertian, to the time of massive faunal emigration from the circumpolar regions (Hoffman 1936).
Part of the mystery of Baronia's survival is that the butterfly is said to be a poor flier (Pérez Ruiz 1977) . Is the species distasteful? It certainly is as a larva, given its possession of osmeteria, but there is no reason to believe that it is chemically protected as an adult. Like most butterflies, Baronia lacks defensive glands, and there is no evidence that it derives noxious chemicals from its food plant.
Baronia may have endured because it pulled a lamprey trick. This is not to say that it became parasitic in any way. It seized a different sort of evolutionary opportunity. Baronia survived, I would argue, because it became visually imitative of butterflies that were chemically protected. It survived because it became a mimic. It adopted the appearance of later products of lepidopteran evolution, of butterflies that were distasteful and visually shunned, and for these reasons worth imitating. Thus, Baronia survived because it acquired a safe appearance.
I first saw Baronia in numbers in 1981, in the course of a visit to the Natural History Museum in Leiden, Holland, to examine the butterfly collection. What struck me immediately was that the female of Baronia is polymorphic. It occurs in several color morphs. This phenomenon was known to taxonomists, who had named the different morphs (Eisner 1974 , Tyler et al. 1994 ) but did not attempt to provide an adaptive explanation of the phenomenon.
The male of Baronia (figure 1a) shows relatively little variation. Black and yellow, it is illustrative of the color pattern that appears to be basic for Baronia, a pattern shared by the most common female morph (figure 1b). The two other female morphs, one reddish brown (figure 1c) and the other melanic (figure 1d), seemed to be mimetic. The reddish brown form appeared to be a mimic of butterflies of the genus Danaus (Nymphalidae), and the melanic form seemed to imitate butterflies of the genus Battus (Papilionidae).
The species of Battus and Danaus are well known to be distasteful as adults. Both derive their noxiousness from chemicals they obtain from their larval food plants. Battus species sequester aristolochic acids from Aristolochiaceae (von Euw et al. 1969 , Brower 1984 , and Danaus derive cardenolides from Asclepiadaceae (Reichstein et al. 1968 , Brower 1984 . Danaus may, in addition, obtain pyrrolizidine alkaloids as adults from other plant sources (Ackery and Vane-Wright 1984) .
Two species of Battus (B. polydamas, B. philenor) and two of Danaus (D. gilippus, D. eryssimus) seemed to have the appropriate appearance to suggest that they might be the respective models of the two imitative Baronia morphs (D. gilippus and B. polydamas; figure 1e, 1f). All four species have broad ranges that attest to their current successful status: B. polydamas and D. gilippus, for instance, range from the southern United States to Argentina (Opler and Krizek 1984) , and all occur in geographic overlap with Baronia (de la Maza 1987; Héctor Pérez Ruiz, Universidad Nacional Autónoma, Mexico City, personal communication, October 1987). The mimicry would presumably be Batesian in character, with Baronia being the edible imitator of its two noxious models.
The suggestion that the polymorphism of Baronia has a mimetic basis is not entirely without precedent. The similarity of the reddish brown morph to Danaus was noted early (Vázquez García 1975 , Vázquez 1987 and so was the similarity of the melanic form, which appears to be highly variable, to a number of dark-winged butterflies, all coexisting with Baronia (de la . In fact, it has been argued that the mimicry of Baronia may involve imitation of such model elements as the cyanogenetic Chlosyne as well as Heliconiini (Tyler et al. 1994) .
Baronia would not be alone among papilionids in exhibiting mimetic polymorphism. Such polymorphism is known to occur in a number of swallowtails, where the phenomenon has been the subject of intensive study (Wickler 1968) . But Baronia could be the oldest of extant butterflies to have exploited the phenomenon. And it is precisely through that exploitation that Baronia may have been able to beat the odds.
The search for medicinals
Is it typical for the special adaptations of a living fossil to be apparent as they are in Baronia? I would argue that Baronia is typical only in that its special adaptations are defensive. Defense, I would propose, may be the primary theme exploited by living fossils in their evolution. In some species the adopted defensive strategy may be passive-the organisms may derive protection simply by leading a furtive existence or by occupying ecological or geographical refugia. Or the defensive advantage may be indirect, as it is in lampreys, which gain protection from their attachment to a quick and agile host. But in most cases the defense appears to be active and chemical in nature. Living fossils may endure because they are chemically different. Even Baronia can be said to make defensive use of chemicals, in its case the pigments by which it achieves its mimicry. In most cases, however, living fossils seem to achieve defense directly, by use of noxious or otherwise offensive agents that may still be largely unknown and for practical reasons worth knowing.
Examples of living fossils of unusual chemical capabilities are not difficult to find. The ginkgo tree, for instance, that most primitive of gymnosperms, is a repository of diverse secondary metabolites, some antimicrobial, others potentially anti-insectan, and most, very probably, still uncharacterized (Franklin 1959 , Major et al. 1960 , Major 1967 , McCaleb 1997 , Nakanishi 1999 ). The tree is a good ornamental, for the very reason that it is chemically protected. The peculiar, legged worms known as Onychophora, including Peripatus and its relatives, are essentially ambulatory spray guns. When disturbed they discharge jets of a gluey secretion that instantly incapacitates enemies such as ants (Alexander 1957) . Of ancient origin (Ghiselin 1984) , the Onychophora are represented today by a number of relict species that might never have survived were it not for their spray. Also among invertebrate living fossils are the horseshoe crabs (Xiphosurida), which have an unusual way of combating infection, through the use of a specific protein (Limulus amebocyte lisate, or LAL) that reacts with bacterial endotoxin (ten Cate et al. 1985 , Watson et al. 1987 . Among the lizards there are only two species worldwide that have a poisonous bite, the gila monster and the beaded lizard (Pregill et al. 1986 ). Closely related, of ancient derivation, and lacking the agility of other lizards, they too may owe their survival to their chemical weaponry. The near relatives of lampreys known as hagfish, also designated as living fossils, derive protection from the slime they eject in copious quantity when disturbed (Martini 1998) .
Whole groups of organisms, descendants from ancient forms, may survive today primarily because they are chemically protected. The millipedes, for instance, might never have withstood the explosive advent of insects were it not for their defensive glands (Eisner et al. 1978) . Many survivors from once dominant groups, be they plants, invertebrates, or microbes, which persist today as genera and families or even more broadly encompassing taxa, may owe their endurance to the possession of special chemicals (Paul 1992) . Contemporary cycads and ferns, for instance, may exist because they are chemically offensive to the very herbivores that forced the extinction of their ancestral relatives (Norstog and Nicholls 1997, Nakanishi 1999) . Indirect evidence sometimes attests to the chemical anomaly of relict groups. Herbarium specimens, for instance, need to be treated as a matter of routine by bromination or deep refrigeration to rid them of the pest beetle Lasioderma serricorne that commonly infests botanical collections. Among plants that do not need to be subjected to such prophylaxis are relict forms, including cycads, ferns, Cyperaceae, and Hepaticae, which are apparently able to fend off the beetles with their own chemical weaponry, even after being pressed and dried.
Chemical prospecting has already proved its worth when directed at relict species. For example, LAL from horseshoe crabs is widely used by the biomedical industries to test injectable medications for the presence of potentially fatal microbial contaminants (ten Cate et al. 1985 , Watson et al. 1987 . A more recent example is that of the anticancer agent taxol (Wall and Wani 1994) . Isolated from the bark of the Pacific yew tree, a member of the ancient plant family Taxaceae, taxol can be considered to be a part of the tree's defensive armamentarium. Examples abound of natural products that have evolved as defensive agents and that have secondarily come to serve us in medicine. The antibiotics as a group fall in that category. I would argue that potential medicinals, in the form of natural defensive agents, figure prominently in the chemical makeup of survivor species and that the chemical investigation of such species would, as a consequence, have a better than average chance of paying off (figure 2). The hit rate in the screening of organic sources for medicinals is ordinarily so low that there is a tendency these days for pharmaceutical companies to abandon such screenings altogether and to turn to alternative procedures for drug development. I would argue that screening programs aimed specifically at species or species groups of exceptional evolutionary tenacity could bring about an improved rate of return; industry should contemplate setting up such programs. Lone descendants of once flourishing groups could hold many a chemical secret worth knowing. Chemists and biologists should work together in preparing the menu for such targeted screening. Biorationality in the search for medicinals could pay off.
